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Executive Summary

Mystic Lake is part of the Indian Ponds, a set of three kettlehole ponds in Marstons Mills, MA, a village
of Barnstable on Cape Cod in Massachusetts. It covers 149 acres (60 ha) to an average depth of 4.6 m
(15 ft) with a maximum depth of 14.3 m (47 ft) and a volume of 3128 acre feet (3.86 million m3). It
supplies recreational opportunity (swimming, boating, fishing, nature watching), aquatic habitat
(including an alewife nursery), and water for cranberry bog flooding. Long considered a natural resource
jewel, Mystic Lake experienced noticeably increased algae and decreased water clarity over the last
decade. Studies by the Cape Cod Commission and AECOM Corporation determined that increased
phosphorus concentrations were the cause and that internal loading was the primary source of
phosphorus. Plans to conduct a phosphorus inactivation treatment using aluminum compounds were
delayed in the permitting process as a consequence of concern over potential impacts to one of the
most diverse and abundant mussel communities in the Commonwealth, including species listed for
protection under the Massachusetts Endangered Species Act. However, a major mussel die off in
August of 2009 and additional die off in 2010 reduced that mussel community by about 90% and
indicated that the current level of fertility was not beneficial to mussels. The inactivation project was
then allowed to proceed and was conducted in September and early October of 2010.

Treatment planning by WRS included collection of additional sediment samples and lab assays to
determine both the effectiveness of varying doses and the maximum aluminum concentration tolerable
to fish and invertebrates during treatment. It also included additional pre-treatment water quality
assessment and development of a monitoring plan for the period of treatment and a year afterward.
Actual treatment was conducted by Aquatic Control Technology and involved the application of a total
of 10,466 kg (23,025 Ibs) of aluminum over 58.1 acres of the lake in six defined areas, mostly deeper
than 30 ft, with doses varying by treatment area from 35 to 50 g/m”. Two areas would have been
treated at higher doses, but the permit specified a maximum dose of 50 g/m?. The targeted ratio of
aluminum sulfate to sodium aluminate was 2:1 by volume, intended to yield minimal change in pH. The
applied volumes were 21,002 gallons of aluminum sulfate and 10,553 gallons of sodium aluminate.
Treatment was conducted on six days over a 15 day period, beginning on September 21, 2010, with
most areas receiving two treatments of half the intended dose in each treatment, several days apart.
Adjacent areas were not treated consecutively to allow movement of mobile organisms to nearby
untreated areas. One area was shallower than normally treated, but was treated to include mussel beds
that were being monitored for possible impacts.

Monitoring during treatment revealed no pH values outside the targeted range of 6.0 to 8.0 SU and no
depletion of alkalinity. Very few dead fish were encountered on daily surveys, and those found mostly
showed obvious signs of mortality due to causes other than aluminum toxicity. In a detailed study by
Biodrawversity, no mussel mortality or behavioral abnormalities were attributable to the aluminum
application. It is likely that chironomid larvae and oligochaete worms living in anoxic sediments were
smothered, but these were not considered to be resources to be protected, and rapid colonization was
expected. The treatment was conducted safely from human health and ecological perspectives.
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Based on substantial historical data from the Pond And Lake Steward program, water clarity is
found to be linked to algal biomass, which is linked to phosphorus, which is linked to oxygen in
Mystic Lake. When the lake stratifies at a shallower depth, more bottom area is subjected to low
oxygen and possible phosphorus release, there is more volume in the lower water layer to absorb
that phosphorus, more phosphorus is expected to reach the upper waters, more algae are produced
and accumulate in the upper waters, and water clarity declines. The treatment bound up large
amounts of phosphorus in surficial sediments, limiting the availability of phosphorus that could be
released from the sediment when exposed to low oxygen. The treatment also removed a large
portion of the phosphorus already released to deep water in the lake in 2010, but was less efficient
at removing phosphorus in shallow waters where phosphorus concentrations, while high enough to
support algal blooms, are low relative to reaction processes involving aluminum.

From 2001 through 2007, the mass of phosphorus in Mystic Lake averaged about 196 kg and was
equivalent to one year of loading, as the flushing rate is conveniently close to once per year. Incomplete
sampling in 2008 and 2009 prevent valid estimation of phosphorus mass in the lake, but in 2010, after
the mussel die off but before treatment, the mass was measured at 245 kg in August and 214 kg in
September. After treatment, phosphorus mass was as low as 86 kg, matching the target for achieving an
average concentration of 10 ug/L and preventing algal blooms. Reduction in the internal load was >90%.
In May of 2011, with relatively low phosphorus and a zooplankton community of substantial biomass
with large bodied grazers dominating, water clarity reached 9 m (30 ft). However, phosphorus in shallow
water was not sufficiently reduced by the treatment, and remained high enough to support algal blooms
after the alewife run produced many young of the year that decimate the zooplankton community over
the summer. Water clarity was higher in summer of 2011 than in recent years and was considerably
more stable at between 2 and 3 m, but did not achieve the 6 m clarity associated with the inactivation
treatment at Hamblin Pond in 1995, a clarity level that has been sustained for 16 years so far.

The phosphorus mass did not increase significantly over the winter, but increased by 19 kg in the spring
prior to stratification, and increased by another 18 kg over the summer of 2011, yielding a mass of 125
kg a year after treatment. This represents a substantial reduction from pre-treatment values, but is not
as low as desired. There are multiple mechanisms by which phosphorus mass may have increased.
Loading from the watershed in the rather rainy 2011 is possible, as is release of phosphorus from
untreated or undertreated sediments. However, the most likely source of phosphorus in 2009 and 2010,
with potential carry over into 2011, is from the decay of dead mussels. Up to 24 million mussels are
estimated to have died in 2009 and 2010 in Mystic Lake, with each million mussels representing over 13
kg of phosphorus. The loss of over 90% of the mussel community presents a problem in terms of both
increased phosphorus load and decreased filtration capacity, and could explain observed algal patterns
and water clarity without consideration of other mechanisms.

The data show clearly that internal loading from sediments under >9 m (30 ft) of water depth has been
markedly curtailed by the phosphorus inactivation treatment in fall of 2010. If the overall phosphorus
load to Mystic Lake from untreated internal sources, most notably dead mussels, works its way through
the system as would be expected over about 5 years, Mystic Lake may continue to improve. Monitoring
is the most important management activity to be conducted over the next year or two.
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Project Background and Need

Mystic Lake is a valued resource within the Town of Barnstable and the Village of Marstons Mills. It was
long known as one of the aquatic gems of the town, along with Middle Pond, to which it is connected by
a short, narrow channel. More recently, algal blooms have limited water clarity and raised concern.
Hamblin Pond, to the south but connected to Middle Pond and Mystic Lake only by ground water flow,
experienced major algal blooms linked to internal recycling of phosphorus throughout most of the
second half of the 20" century, and was the subject of a restoration effort in 1995. Treatment with
aluminum resulted in greatly reduced algal abundance and increased clarity. Evaluation of Mystic Lake
was undertaken to determine the sources of overfertility and the potential for phosphorus inactivation
to improve conditions as it did for Hamblin Pond. Much of this background information comes from the
2009 AECOM report on this effort, which in turn capitalized on considerable previous and ongoing
efforts by other groups.

In 2007 and 2008, AECOM reviewed the existing data and information on Mystic Lake and conducted
follow up investigations. Sources of existing information for Mystic Lake and its watershed were
gathered from Town of Barnstable files and staff (data, GIS files. maps), regional agencies (Cape Cod
Commission), state agencies (EOEA, MA DEP, MA DFW), federal agencies (USGS, NOAA), scientific
literature, and the Indian Ponds Association (IPA). For Mystic Lake, a significant amount of useful water
quality data were available from the Pond And Lake Steward (PALS) volunteer monitoring program and
the recently completed Cape Cod Commission study (Eichner et al. 2006). Additional PALS data have
been generated since the AECOM review.

Mystic Lake Features
Mystic Lake (60 ha or 149 acres) is one of three hydrologically connected kettlehole ponds collectively

known as the Indian Ponds located in Barnstable, MA (Figure 1). Estimates of depth and volume vary
somewhat among reports. Maximum depth is 14.3 m (47 ft) and an average depth is about 4.6 m (15 ft).
Mystic Lake has a deep basin in the southern part of the lake with shallower embayments to the north
and northwest (Figure 2). Water volume for Mystic Lake is about 3.86 million m?, or about 3128 acre-
feet. Detention time is very close to one year, which equates to one flushing per year.

Mystic Lake is classified as Class B waters under the Massachusetts surface water quality standards (314
CMR 4.00). Mystic Lake is also designated as a Great Pond (MA DEP 2007), one of eleven recognized
Great Ponds in Barnstable, covering at least 10 acres in its natural state. Mystic Lake is used for
recreational fishing, swimming, and boating (CCC 2003), and is also the source for irrigation and harvest
flood water for cranberry bogs. With a strong connection to ground water, Mystic Lake is also linked to
water supplies on the Cape via wells in this sole source aquifer. A small undeveloped stretch of shoreline
off Race Lane at the north end of the lake offers public access to Mystic Lake, including the potential for
small boat launching, and there are several community associations with beach and boat launch
facilities.
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Figure 1. Mystic Lake and the other two Indian Ponds.
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Figure 2. Bathymetry of Mystic Lake.
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Mystic Lake supports a warmwater fish community and seasonal runs of anadromous alewife. The
herring run is through outlet structure on Middle Pond with access to Mystic Pond via the small surface
water connection at the southeastern end of the lake. Herring runs vary widely among years, but there
are almost always large numbers of young of the year alewife in Mystic Lake for the summer, and these
fish decimate the zooplankton community. Suitable summer habitat for trout is very limited, as the
surface waters are too warm and the bottom waters too low in oxygen. Largemouth bass, smallmouth
bass, yellow perch and white suckers are abundant, with many large specimens observed.

Mystic Lake and its riparian and littoral zones have been host to a number of state-protected species.
The mussel community is unusually rich and diverse for a Massachusetts pond and includes seven
species, three of which are protected by the state (Table 1). The presence of protected mussel species
was a major factor in project planning and permitting. However, a large die-off occurred in summer of
2009, with additional mortality in 2010, greatly reducing mussel populations. This will be addressed in
more detail separately in this report. There are also three species of protected odonates (dragonflies
and damselflies) which inhabit emergent and submerged aquatic vegetation in the riparian and littoral
zones. These include the Comet Darner (Anax longipes), the New England Bluet (Enallagma laterale),
and the Pine Barrens Bluet (Enallagma recurvatum).

Riparian shoreline vegetation has been dominated by dense stands of European grey willow, an invasive
species for which an active control project is in progress. Many of these trees have been removed over
the last two years. Submergent aquatic vegetation has not been systematically surveyed, but includes
water celery (Vallisneria americana), waterweed (Elodea canadensis), several species of pondweed
(including Potamogeton amplifolius, Potamogeton perfoliatus,and Potamogeton robbinsii), and
stonewort (Nitella flexilis). Plant growth is limited in many areas by the sandy/cobbly substrate and
wave action, but is also greatly affected by low light induced by algal blooms in recent years.

In 2010, while preparing for the aluminum treatment, hydrilla (Hydrilla verticillata) was found off an
association beach on the west side of the lake by Robert Nichols of the IPA. This highly invasive plant
resembles the native waterweed. The monoecious strain is the one that has colonized northern waters
to date, and was subsequently found in four nearshore areas of the lake, all in water <5 ft deep, with at
least two patches per area. Long Pond in Barnstable also has hydrilla, but there are no more than a
dozen lakes in all of New England known to harbor this plant at this time. Birds or boats probably
delivered the plant to Mystic Lake, and given the location, an avian source is suspected. Spread to
additional, widely separated areas was probably by birds or wind-induced circulation from the initial
patch; the other patches are all smaller. Physical control actions including hand harvesting and benthic
barrier placement were initiated in late summer of 2010 and continued in 2011. Hydrilla has spread
northward from the larger patch, and has been subject to hand pulling by commercial divers, but
appears under control in the three areas with smaller patches.
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Table 1. Mussel Community of Mystic Lake

Latin Name Common Name Status
Alasmidonta undulata Triangle Floater SC*
Anodonta implicata Alewife Floater
Elliptio complanata Eastern Elliptio
Lampsilis radiata radiata | Eastern Lampmussel
Ligumia nasuta Eastern Pond Mussel SC
Leptodea ochracea Tidewater Mucket SC
Pyganodon cataracta Eastern Floater

* SC = species of special concern (MA NHESP).

The MA NHESP, as part of its “Living Waters Project,” identified Mystic Lake and Middle Pond as “Core
Habitats” because they provide habitat for rare plant and animal species and/or exemplary habitats. In
addition, the land upgradient of Mystic Lake is identified as a “Critical Supporting Watershed” since it
has the greatest potential to influence habitat conditions within the waterbody. It is not clear how the
increasing frequency of algal blooms or infestation with hydrilla affect this designation, but this is a clear
case where action is needed to rehabilitate and protect the habitat; it will not remain viable habitat for
the valued biological components on its own, as evidenced by the events of the last few years.

Mystic Lake flows into Middle Pond which then flows into the Marstons Mills River and eventually the
marine environment (an area known as Three Bays). There are no surface tributaries to Mystic Lake.
Precipitation and groundwater in-seepage are the dominant sources of water. Water leaves Mystic Lake
as groundwater out-seepage discharging to Middle Pond or as surface water outflow through the
narrow connector. Evaporation is a lesser but significant exit route for water in summer. Total
hydrologic through-flow was estimated for Mystic Lake and suggests an average annual detention time
of slightly greater than 1 year, with the flushing rate varying somewhat over the seasons.

Inspection of the PALS monitoring database (2001-2006), pond assessments (CCC 2003 and Eichner et al.
2006), and additional investigation by AECOM in fall 2007 and spring 2008 have documented consistent
patterns of deep water anoxia with regeneration of phosphorus from bottom sediments in areas of > 9
m (30 ft) of water depth. In some cases the anoxia extends upward to depths of 8 m or even shallower;
in 2009 anoxia reached 5 m and in 2010 it reached 7 m. Stratification is not strong in the northern half of
the lake which is not much deeper than 30 ft in its deepest areas, and wind storms can mix the anoxic,
nutrient laden water with the overlying water periodically. Stratification is very strong in the southern
deep hole area, promoting reduction of sulfates and formation of hydrogen sulfide. Iron is the most
common natural binder of phosphorus in this area, but binding of iron by sulfides is likely to disrupt the
natural iron-phosphorus binding cycle and allow available phosphorus to reach the upper waters in
significant quantity.
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Bottom sediments were collected and analyzed from the lake in 2007. Sediment samples were either
fine-grained and highly organic in nature (muck) and contained large amounts of total phosphorus or
coarse-grained (sand) and deficient in nutrients. Analysis of the phosphorus fractions indicated that
large amounts were contained in the iron-bound phosphorus fraction that would be susceptible to
release under low redox conditions that occur during anoxia each summer.

Examination of the conditions that promote phosphorus release included assessment of oxygen
demand. Average areal oxygen demand in Mystic Lake is estimated at a range of 521 to 1042 mg
0,/m?/day, in the range associated with eutrophic lakes with substantial internal phosphorus loading.
This demand causes strong anoxia as soon as stratification sets in and bottom waters are denied further
atmospheric oxygen inputs. This drastically changes water chemistry in the deep zone, making it
unsuitable for the vast majority of aquatic organisms and allowing accumulation of dissolved
phosphorus and ammonium nitrogen.

Much of this phosphorus and nitrogen remains in the deepest bottom water layer for the summer, but
windy weather can cause some mixing and concentration gradients will allow some diffusion. The
Osgood Index was calculated by AECOM at 8.1, with 8 as the dividing line between systems that mixed
freely or stayed stratified; the northern portion of Mystic Lake can be expected to destratify in response
to strong wind events. Diffusion is driven by the difference in phosphorus levels between water layers,
and this difference is typically an order of magnitude by mid-summer; diffusion can be expected.

Where adequate iron is present, much of the phosphorus will recombine with that iron when oxygen is
present, and will precipitate back to the bottom. This up and down movement of phosphorus, controlled
by iron dynamics, is sometimes referred to as the “ferrous wheel”, an enjoyable play on words but no
more enjoyable than the ride when the wheel breaks down. Scavenging of iron by sulfides, which are
also produced by anoxic chemical reactions, results in a loss of dissolved iron and more available
phosphorus in the upper waters. The phosphorus promotes algal growth, which rains oxygen demanding
organic matter onto the lake bottom, fueling further anoxia in deep water and creating a cycle that is
both self-sustaining and accelerating. Watershed management will not break this cycle, and algal
blooms can be expected without further inputs from land around the lake.

One other phenomenon that is observed in Mystic Lake is the accumulation of algae at the boundary
between the upper and lower water layers. This area, known as the thermocline, is fairly narrow (about
1-2 m thick), has some light and a lot of nutrients. Certain types of algae, most notably the
cyanobacteria, thrive at this level and can form dense bands. Under mixing conditions, which can occur
from summer wind storms or eventual fall destratification, these algae will move upward. Additionally,
several types of cyanobacteria form gas vesicles and can become buoyant, floating up to the surface
with plenty of nutrients already in their cells and causing blooms. These algae accumulate nutrients
from deeper water, float upward to get more light, and grow to the extent that nutrient reserves allow,
then producing resting stages that settle to the bottom and facilitate the process in the future. The
release of nutrients, especially phosphorus, from bottom sediments can therefore be very influential.
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Estimates of the levels of internal recycling were made by AECOM on the basis of observations of the
accumulation of hypolimnetic phosphorus and by modeling. The hypolimnion of Mystic Lake
accumulated phosphorus with an overall increase of 112.1 kg over the period between May 19 and
August 24, 2008. These values translate into benthic release rates ranging from -5.1 to 50 mg P/m?/day,
with an average of 11.6 mg P/m?/day. The average is very close to the 12 mg P/m?/day found to be
typical for lakes with anoxic bottom layers (Nurnberg 1984, 1987). Only a portion (normally 10-25%) of
this phosphorus will reach the surface waters during summer, and this roughly matches the estimate of
effective internal loading by Eichner et al. (2006). This phosphorus input is enough to raise the surface
water phosphorus concentration sufficiently to support the observed algal levels in the pond. Adding the
potential for cyanobacteria to accumulate nutrients near the interface of the two water layers and float
upward, bloom probability increases.

A phosphorus budget was prepared by AECOM and shows an estimated load of 120 kg/yr for Mystic
Lake. There are many assumptions in this budget, but it is apparent that the annual input from the
watershed is not the dominant influence at this time. The internal load is the most important factor in
the overall phosphorus dynamics, representing about half the total load and occurring during the
summer when inputs are most likely to fuel algal blooms. This trend is unlikely to reverse itself without
human intervention. However, it should be kept in mind that the watershed is the ultimate source of the
phosphorus and other pollutants and both in-lake and watershed management are appropriate.

Eichner et al. (2006) estimated a lower phosphorus load to the lake, with the internal load calculated as
the difference between itemized external loads and the observed mass of phosphorus in the lake at any
point in time. As a substantial portion of the external load will enter as particulate forms of phosphorus
that will settle to the lake bottom, the internal load is likely to be more important than estimated, but
the conclusions drawn by both AECOM and Eichner et al. were similar and justified; the internal load
represents the difference between acceptable an unacceptable conditions in this lake and must be
addressed to regain the desired level of clarity.

Watershed Features
The Mystic Lake watershed is approximately 421 ha (1140 ac), with a watershed to lake area ratio of

approximately 8:1. Delineation of the watershed is complicated by ground water flow patterns,
however, and is not exact. With sandy soils, very little of the watershed lands drain directly to the lake;
storm water runoff is not a major issue for this system. Land use in the watershed is largely forested,
low density residential, and open or protected land, with some cranberry production and upgradient
public drinking water wells (Figure 3). There are approximately 37 upgradient residences and septic
systems within 300 ft of Mystic Lake (Figure 4), but the 300 ft zone is a somewhat arbitrary limit.
Nitrogen will come from much farther away, and it is possible that phosphorus will also reach the lake
from distances farther than 300 ft over time, although attenuation of loads will be substantial and the
rate of movement will be slow. Ground water quality is an appropriate focus of watershed management
in this system.
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Figure 3. Contributory land area for Mystic Lake. (from Eichner et al. 2006)
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Figure 4. Immediate contributory land area around Mystic Lake. (from Eichner et al. 2006)
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Figure 5. Aerial view of the immediate watershed of Mystic Lake.
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Aside from some direct runoff during major storms in areas of steeper slope, the only surface water
discharge to the lake is from cranberry bogs. There are bogs to the north and south (Figure 5). The bog
to the north covers about 10 acres and has been managed by various parties over time, was not active in
2010, but resumed operation in 2011. Water can be withdrawn from or discharged to Mystic Lake from
the northern bog. The very small bog just south of the lake is part of a larger complex of bogs. Water is
apparently not withdrawn from the lake for irrigation of these bogs, but they use Mystic Lake water for
flooding. However, only the small (about 1 acre) bog near the lake returns flood water to the lake; the
remaining bog areas discharge to the Marstons Mills River downstream.

If 11 acres of cranberry bog were flooded to a depth of 1 ft, that would be 11 acre feet of return water, a
very small amount relative to the roughly 2700 acre-feet of water in Mystic Lake. Phosphorus
concentrations tend to be very high, averaging >200 ug/L and often in the 500 ug/L range (unpublished
UMASS Cranberry Station and WRS data). For Mystic Lake, this would equate to 2.7 to 6.9 kg of
phosphorus per year delivered from cranberry bogs; this is not a large amount, and would be
contributed after the summer season when blooms are prevalent, but it is not insignificant. Bogs
contribute to the sediment nutrient reserves that fuel internal recycling, but are not a significant threat
to water quality at the time of discharge. The Eichner et al. (2006) and AECOM (2009) reports concluded
this as well, but neither report explicitly included cranberry bog operations in the phosphorus loading
estimate.

Waste water from on-site disposal systems associated with residences in the watershed was estimated
to contribute 8.4 kg/yr of phosphorus, while background ground water was estimated to contribute
another 16.7 kg/yr. As the calculated waste water phosphorus input was only for dwellings within 300 ft
of the lake, the background ground water load undoubtedly contains some waste water phosphorus,
but together the subsurface load is about 21% of the total load as estimated by AECOM in 2009 (Table
2).

Table 2. Estimated phosphorus load to Mystic Lake (from AECOM 2009).

Input Source TP Load (kg/yr) % of TP
Atmospheric 15.0 13%
Internal Recycling 54.9 46%
Waterfowl 6.0 5%
Septic Systems 8.4 7%
Watershed GW Load 16.7 14%
Watershed Runoff Load 18.5 15%
Total 119.5 100%
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Watershed runoff inputs were estimated from modeling exercises, and may be overestimated based on
the lack of storm water drainage systems, but if taken to include cranberry bog inputs, are reasonable
estimates. Bird inputs are based on literature values for input per bird and an estimate of the number of
birds at the lake on a continual basis. The AECOM report notes that the presence of alewife might
attract more birds, including cormorants, and in recent years higher numbers of cormorants have been
observed. The associated input estimate (Table 2) is probably low, but not far from accurate.

The atmospheric input calculation is based on precipitation and phosphorus levels measured in other
studies from this general area, and is believed to be a reasonable approximation in the absence of direct
measurement. This leaves only internal loading, which was calculated from actual phosphorus
accumulation and corroborated with rates and loads from other studies. It is a reasonable estimate, but
subject to considerable variability based on weather patterns and biological interactions. It should be
kept in mind that much of the external load is scattered over the entire year and includes forms of
phosphorus that are not immediately available for uptake by algae and plants in the lake. Yet the
internal load occurs almost entirely in summer and is highly available, limited only by movement from
deep water to the shallower zone, with such movement expected to be substantial. While the
watershed is the ultimate source of phosphorus that has entered Mystic Lake, internal recycling
processes now dominate phosphorus loading and have moved the lake from a desirable condition to
one in which algal blooms and low clarity are common in summer.

Designated Uses
Mystic Lake is listed as Class B waters. Under the Massachusetts system, this means that the water is not

intended for direct potable water supply, but is expected to meet water quality standards for
recreational and habitat uses. The designated uses of Mystic Lake include swimming, boating, fishing,
habitat for fish and wildlife, including support of an active alewife run, and water supply for cranberry
bogs. No clear priority has been established, and it appears possible for all of these uses to co-exist with
limited interference. However, having alewife in the pond minimizes zooplankton populations and
associated grazing on algae, allowing the highest algal biomass supported by the fertility level of the
pond. Return of water used to flood cranberry bogs to Mystic Lake represents nutrient inputs that add
to that fertility, although the discharges are small relative to pond volume. Watershed activities of
concern include storm water and waste water generation and routing, neither of which appears to be a
large source at any instant in time, but the cumulative additions over many years help fuel internal
loading.

Use Impairment

Low clarity, algal blooms, and deep water anoxia affect all uses but boating. Use of the water in
cranberry bogs is not functionally impaired, but the image of berries picked in water with cyanobacterial
blooms is not good for marketing. Mystic Lake experiences frequent but not continual algal blooms,
including blooms of cyanobacteria in summer, green algae in summer and fall, and diatoms in winter
and spring. Mystic Lake is rendered unaesthetic by algal blooms, and much of the algal production winds
up in the sediment, both impairing oxygen through decay and limiting the opportunity to fuel
productivity of desirable fish.
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There has been no toxicity testing of water from Mystic Lake, and hazardous levels of toxins in lakes are
actually fairly rare in occurrence (Lindon and Heiskary 2009, Graham and Jones 2009, Bigham et al.
2009), but the threat exists and is most commonly associated with high concentrations of cyanobacteria
that coincide with surface scum formation or wind-blown shoreline accumulations. Both of these occur
in Mystic Lake. There was also a major die off of mussels in the lake that coincided with a cyanobacterial
bloom in 2009, with additional mortality coinciding with another cyanobacterial bloom in 2010. While
mussel die offs have been attributed to algal toxins in salt water environments (Curtis et al. 2008), this is
not a well-studied phenomenon in fresh water. Tissue samples collected in 2010 did not reveal any
microcystin, but other toxins were more likely to be responsible and the timing of sampling was not
ideal for detecting toxic impacts.

Key Relationships and Causative Agents

Mystic Lake does not suffer from turbidity induced by resuspended sediments; the shallow area (<15 ft
deep) is quite sandy and concentrations of non-algal particulates in the water column are low. While the
arrival of hydrilla signals a major threat to lake uses, rapid response by the IPA and Town of Barnstable
have minimized its impact to date; rooted plants are not the cause of any use impairment at Mystic
Lake. Abundant algae are the primary issue, linked to elevated phosphorus that is linked to low oxygen
and large reserves of iron-bound phosphorus in muck sediments under >20 ft of water. Based on an
AECOM survey, about 43% of the area covered by Mystic Lake has muck sediment covering the bottom.
Testing in 2007 revealed an average of over 600 mg/kg of iron-bound (potentially available) phosphorus
in that muck, representing between 16 and 32 g P/m?. That is a minimum of more than 4000 kg of
potentially available phosphorus on the bottom of Mystic Lake, when the quantity of phosphorus in the
water column at any one time is only about 70 kg. The transfer of phosphorus from the sediments into
the water column is a therefore critical process.

Transfer can occur when oxygen is low at the sediment-water interface. Dissolved oxygen profiles
illustrate that anoxia below 9 m of depth is a common occurrence in the summer (Figure 6). Even back in
1948 there was low oxygen in deep water, but the situation has worsened considerably in recent years,
with anoxia extending as shallow as 5 m in 2009 and 7 m in 2010. Oxygen demand is a combined
function of decaying material in the water column and in the sediment, and algal blooms add to both.

Surface water temperature has increased in recent years, and there are irregularities in the upper water
temperature pattern (Figure 7). Warmer waters favor cyanobacteria (Paerl and Huisman 2009), and less
sharp thermal gradients facilitate upward transport of phosphorus. Temperature is largely a function of
weather pattern, and climate change is moving many lakes toward warmer surface temperatures.

The relationship between phosphorus and either algal chlorophyll or water clarity is well known for
lakes in which phosphorus is a limiting factor (Mattson et al. 2004, Cooke et al. 2005), and this
relationship holds true for Mystic Lake (Figures 8 and 9). There is considerable variability, much relating
to the types of algae, particle sizes, and phosphorus availability, but the pattern is clear; more
phosphorus leads to more algae.
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Figure 6. Dissolved oxygen profiles over time in Mystic Lake.
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Figure 7. Temperature profiles over time in Mystic Lake.
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WRS

Figure 9. The relationship between phosphorus and water clarity for Mystic Lake.

TP from 0-6 m vs. SDT

6.0
€50 *
g 4.0
c 4. &
()
: —~te ¢
230
Y T —
F 2.0 ¢ —¢
£ L 2
& 10 *
0.0 T T T T T T 1
0 5 10 15 20 25 30 35
TP (ug/L)

As clarity is linked to algal biomass, which is linked to phosphorus, which is linked to oxygen, it
seemed relevant to determine if the linkage would hold true all the way from clarity to oxygen.
Based on comparison of the depth at which anoxia is observed in late summer and corresponding
Secchi disk measures of water clarity, the relationship does indeed hold up (Figure 10). When the
lake stratifies at a shallower depth, more bottom area is subjected to low oxygen and possible
phosphorus release, there is more volume in the lower water layer to absorb that phosphorus
(enhancing the concentration gradient and encouraging more release), more phosphorus is
expected to reach the upper waters, more algae are produced (either in the upper waters or at the
water layer boundary with subsequent upward movement), and water clarity declines.

Figure 10. Relationship between depth at which anoxia is observed and water clarity.
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Nitrogen will generally not determine the quantity of algae present, although there is scientific debate
over the role of nitrogen in algal dynamics (Welch 2010, Paerl et al. 2011). However, nitrogen is an
important determinant of the types of algae that will be present, and the nitrogen to phosphorus (N:P)
ratio in a lake provides useful insight into algae likely to dominate blooms (Smith 1983). N:P ratios under
about 15, and certainly lower than 10, will favor cyanobacteria, particularly those able to utilize
dissolved nitrogen gas, but cyanophytes in general are associated with lower N:P ratios. Most algae
require nitrogen as nitrate or ammonium, and these can be scarce in summer in kettlehole lakes. High
N:P ratios favor green algae in warmer waters and diatoms in colder waters.

Mystic Lake N:P ratios are high in surface waters and low in deep water most of the summer (Figure 11),
with greater concentrations of both phosphorus and nitrogen in the deep water, but disproportionately
more phosphorus relative to surface waters, lowering the deep water N:P ratio. This is typical for lakes
experiencing high internal loading, and most phosphorus in the deep waters will be in a dissolved,
available form, while most nitrogen will be ammonium released by decay but unable to convert to
nitrite and then nitrate due to the lack of oxygen. N:P ratios in the mid-depth range (7-11 m) are
variable, but was abnormally high in 2009 when the boundary between the upper and lower water
layers was so shallow and cyanobacteria formed a bloom higher in the water column. The surface
waters of Mystic Lake have moderate to high N:P ratios, but this does not prevent deeper cyanobacteria
bloom formation with movement into the upper waters.

This pattern suggests that cyanobacteria will form blooms in the deeper water if light is adequate, near
the boundary between water layers, and are likely responsible for the observed oxygen bulges observed
near the thermocline in June and early July of many years. Whether that deep bloom reaches the
surface waters is most likely determined by the weather, but we have limited chlorophyll or other algal
data by which to track this phenomenon. The build-up of deep water chlorophyll at low N:P ratio is
apparent in 2001 through 2005 (Figures 11, 12 and 13). Incomplete sampling over depth in 2006 and
2007 limit assessment in those years. In 2008 the boundary between upper (oxic) and lower (anoxic)
water levels was as deep as it had been since 1980 (Figure 6) and the bulge in oxygen at the boundary
was as large as ever observed, with a corresponding chlorophyll-a concentration that was the highest
observed to date (Figure 12). Yet the associated algae did not rise to the top during summer and the
layer was too deep to be mixed by wind, so surface water clarity was among the highest observed for
Mystic Lake in summer 2008. In contrast, in 2009 that boundary was a full 4 m higher in the water
column and the algae did move into the upper waters at very high chlorophyll-a levels.

As the water layers sampled have different thicknesses, putting the values on a volume weighted scale is
helpful in visualizing the mass of algae involved (Figure 13); while a lack of deep water chlorophyll data
for 2009 limits assessment, it appears that there was more algae in 2008 than any other year on record,
but that it remained in deeper water. There were a lot of algae in 2009, and much of it moved into
shallower water, probably as a function of wind mixing with such a shallow boundary depth during the
wet, windy summer of 2009. The pattern over depth among years (Figure 14) suggests that the deeper
algal community is the primary source of higher algal abundance in the surface water, mediated by
weather. The influence of weather must be kept in mind when considering the variability that is
observed and how management actions might change conditions.
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Figure 11. Nitrogen:Phosphorus ratios over time and space in Mystic Lake.
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Figure 12. Concentrations of chlorophyll-a over space and time in Mystic Lake
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Figure 13. Volume weighted chlorophyll-a concentrations in Mystic Lake.
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Rehabilitation Needs and Objectives

Improving water clarity is the most apparent objective, and requires algal biomass reduction, which is
best achieved by phosphorus reduction. The average summer chlorophyll a concentration for surface
waters in the lake averaged 7.7 ug/L from 1998 through 2010, a moderate value, but higher values are
often observed. Much higher concentrations have been observed in deeper water during thermally
stratified conditions (Figures 12-14), and it appears that this deeper algal community is the source for
many of the high chlorophyll values at the surface through mixing or active upward movement of the
algae. Reducing chlorophyll levels to <4 ug/L in surface water would be desirable, preferably with a shift
in the algal community away from cyanobacteria, and this may require addressing deeper water algal
levels.

For most contact uses, phosphorus of <10 ug/L will yield an acceptable average concentration of algae,
and will minimize the probability of algal blooms, usually defined as chlorophyll a levels in excess of 10,
15 or 20 ug/L; there is no strict definition of a bloom, but low clarity is rarely a problem at phosphorus
levels <10 ug/L. Based on studies of many Cape Cod ponds, the Cape Cod Commission has suggested a
target of 10 ug/L (CCC 2003) as appropriate for most Cape ponds, which is entirely consistent with
ecological understanding of most lakes. This relationship is complicated, however, when a lake is
stratified and algae may form a layer in deeper water, where the phosphorus concentration may be
considerably higher than in the surface waters. Additionally, where fish production is an important goal,
somewhat higher phosphorus levels are desirable, and can be maintained without excessive problems
with algae at phosphorus levels <25 ug/L. This depends on having a desirable biological structure that
supports a large population of large-bodied zooplankton (especially Daphnia) to graze on the algae, and
that is difficult to maintain in ponds with alewife runs. It is expected that Mystic Lake will have algal
abundance near the upper end of the plausible range for whatever level of fertility it has; to get clear
water, the phosphorus level will have to be very low.

A phosphorus target close to 10 ug/L would therefore be desirable, favoring the level of clarity desired
by most lake users. The summer phosphorus level averaged 18 ug/L in the surface waters of Mystic Lake
from 2001 through 2010 and was considerably higher in water more than 20 ft (6 m) deep (average = 36
ug/L for 7-11 m and 574 ug/L at >12 m). In 2008, with the best clarity observed in a decade, surface
phosphorus was 11 ug/L, while in 2009 and 2010 it was relatively steady and averaged 29 ug/L. It
appears that the target of 10 ug/L is appropriate here, although if actual surface water phosphorus
levels are just slightly higher, clarity will probably be acceptable. Phosphorus and algae come together
to the upper water layer, and clarity correlates fairly well with each (Figures 8 and 9). The correlation of
clarity with depth at which oxygen drops below 1 mg/L (Figure 10) appears to relate to the ease with
which algae and phosphorus can move into the upper waters. Ensuring high oxygen to a greater depth
would be one option for management, while simply reducing available phosphorus would be another.

The corresponding Secchi transparency for a phosphorus level of 10 ug/L is between 4 and 5 m, with an
average chlorophyll level of 3 ug/L and peaks just over 10 ug/L. There will be variation in these values,
but as averages, they would represent very acceptable conditions in Mystic Lake for all uses. Fish
productivity might be lowered to some degree, but it is not at all rational to assume that high recent
levels of algae, primarily cyanobacteria, are beneficial. That assumption delayed the treatment that is
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the main subject of this report and appears to have resulted in a major die off of valued mussels. The
impact on the fishery is unknown, but as the natural background fertility of Cape ponds is believed to be
low (CCC 2003), the 10 ug/L phosphorus target is considered to represent true restoration.

For comparison, the average surface water phosphorus level in Long Pond in Brewster and Harwich
since the aluminum treatment in 2007 is just under 20 ug/L, and this has provided acceptable water
clarity (summer average since treatment = 4.7 m) while still supporting fishing uses quite well. Clarity did
not increase to the level observed in Hamblin Pond, however, where post-treatment Secchi
transparency has averaged close to 6 m, and deep water oxygen in Long Pond did not improve to the
level observed in Hamblin Pond either. Hamblin Pond was treated with aluminum to inactivate available
sediment phosphorus reserves in 1995 and has exhibited both excellent water clarity and supported the
best trout fishing on Cape Cod since then. Based on PALS data, surface water phosphorus
concentrations have been fairly stable and have averaged <10 ug/L over the last decade, while the deep
water level has averaged 61 ug/L with peaks around 200 ug/L. The depth at which oxygen drops below 1
mg/L was greatly altered by the treatment, having been <8 m prior to treatment and routinely deeper
than 12 m since treatment. No oxygen was added, but the reduced algal production decreased the
oxygen demand, allowing oxygen to remain higher for longer in the summer. There is still anoxia in deep
water in Hamblin Pond, and some release of phosphorus still occurs, but the interaction with surface
waters has been greatly reduced.

Rehabilitation objectives for Mystic Lake can therefore be summarized as control of phosphorus to yield
lower algal abundance and higher water clarity, with some expectation of less oxygen demand in deeper
water as a result. The target value for surface water phosphorus is set at 10 ug/L, although slightly
higher values (no more than 20 ug/L) are expected to provide generally desirable conditions. It is also
desirable to have the depth at which oxygen drops below 1 mg/L be at least 8 m below the surface of
the lake; this happens naturally in some years as a function of weather, but could be achieved by
management actions on a more regular basis.

Loading analysis by AECOM (2009) indicated that a phosphorus load of 79.5 kg/yr would be expected to
yield the desired phosphorus level of 10 ug/L in surface water. This was considered to require a one
third reduction in current loading. The difficulty of reducing loads from atmospheric sources,
background ground water, and waterfowl was noted. Waste water sources and storm water runoff were
noted as offering some reduction potential, but both AECOM (2009) and Eichner et al. (2006) concluded
that the internal load was the logical primary target of management. Addressing inputs from on-site
waste water disposal systems and storm water runoff was recommended to prolong the benefits of
internal load control, but it took decades for the internal load to build to its currently deleterious level,
and control of internal loading would be expected to provide extended benefits even without watershed
management.
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Review of Management Options

Both the Eichner et al. 2006 and AECOM 2009 reviewed management actions that were applicable to
Mystic Lake. Both noted the need to address watershed loading, but both concluded that reduction of
the internal load was necessary to achieve the desired conditions. It is often difficult for people focused
on source control and watershed management to grasp the significance of the internal load, but this has
been documented as a major force in many lakes, one that cannot be reversed quickly by watershed
management. Yet internal load, when dominant, can be controlled with extended benefits (Mattson et
al. 2004, Cooke et al. 2005, NYSFOLA 2009).

There are three well documented ways to reduce internal loading of phosphorus: remove the sediment
which harbors the available phosphorus, inactivate the phosphorus in place, or provide enough oxygen
to prevent phosphorus from being released to surface waters. Removing the phosphorus involves
dredging, which is a truly restorative technique, but extremely expensive and difficult to permit in
Massachusetts. Average levels of many contaminants in Massachusetts lake sediments exceed
unrestricted disposal thresholds, so extensive testing is needed and in more than half the possible
dredging cases disposal becomes complicated, further increasing costs. Adding the technical difficulty of
dredging in water more than 25 ft deep, this is not an option that is normally even considered for
deeper lakes with any history of anthropogenic inputs and possible sediment contamination.

Inactivation could be accomplished with addition of oxygen if natural phosphorus binders are present in
adequate supply. The most common phosphorus binder by far for Cape ponds is iron, and that is what
nearly all available phosphorus is bound to in Mystic Lake. Iron bound phosphorus represented almost
half of the total sediment phosphorus in the AECOM samples from muck sediments, and iron
concentrations were over ten times the total phosphorus concentrations. Phosphorus not bound to iron
is largely in organic forms, some of which may decay and release that phosphorus, but very slowly.
However, under anoxic conditions iron and phosphorus tend to resolubilize and increase in the overlying
water column. By keeping oxygen levels high, the phosphorus stays bound to iron in insoluble
compounds. Phosphorus released from organic compounds is likely to be bound by iron fairly quickly
where oxygen is adequate. Even if oxygenation is not extended to the sediment-water interface,
presence of enough oxygen below the boundary between lower and upper water layers during
stratification can cause the iron and phosphorus to recombine and settle downward again. Creation of
an oxygenated boundary layer can be achieved anywhere between the sediment-water interface and
the bottom of the upper water layer, based on controlling water temperature to create a stable density
gradient. The entire lake can also be kept in a mixed condition, circulating oxygen rich water from top to
bottom.

Oxygenating all or part of the deeper water layer requires adequate input of oxygen by any of several
energy intensive means from at least May through September every year, and success if often variable
over space and time, such that internal load reductions are usually not as high as predicted by theory.
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The additional benefits of more oxygen in deeper water include better habitat for fish and invertebrates
and reduced concentrations of ammonium, sulfides, iron and manganese, with those reduced
concentrations highly desired in water supply situations. For most recreational lakes, however, the
ongoing expense and load control uncertainty associated with deep water aeration are cause for
hesitation, and this approach is less often used for internal load control.

Inactivation by a binder other than iron has been practiced in water and waste water treatment for
many decades, with calcium and aluminum most often applied. Calcium only precipitates at higher pH
than experienced in a healthy Cape pond, so aluminum would be the binder of choice. Aluminum
combines with phosphorus to form an insoluble floc between pH 6.0 and 8.0, settles to the bottom, and
interacts with the sediment phosphorus in the upper few inches of sediment, preventing later release.
Aluminum comes in several reactive forms, some causing the pH to decline and others causing it to rise,
and a balanced addition of two aluminum compounds with opposite pH tendencies can maintain the pH
at a desired level. Keeping the pH between 6.0 and 8.0, and preferably between 6.5 and 7.5, maximizes
reaction efficiency and minimizes possible toxicity impacts of reactive aluminum (Mattson et al. 2004,
Cooke et al. 2005). Once reacted, there is no significant threat of aluminum toxicity, but during the
reaction process there is a risk to aquatic organisms. The treatment of Hamblin Pond in 1995 did not
have a balanced mix of aluminum compounds, and while available sediment phosphorus was greatly
reduced, there was substantial fish mortality during the treatment. A similar situation occurred in a CT
lake in 2000, prompting research into causative agents, and avoiding mortality is now easily achieved.

Both the Eichner et al. (2006) and AECOM (2009) studies recommended inactivation of available
sediment phosphorus in Mystic Lake with aluminum. Given what was known about Mystic Lake and the
success of this approach in achieving clear water in Hamblin Pond, this was a logical management
conclusion. The AECOM effort provided the documentation necessary to proceed to the permitting
stage.
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Project Planning and Permitting

ENSR International, which was absorbed by AECOM at the end of 2008, prepared a Notice of Intent for a
proposed phosphorus inactivation project in October of 2008, even before the full report (AECOM 2009)
was finalized. The permit was not authorized, however, as the Natural Heritage and Endangered Species
Program (HHESP) objected to the treatment as a threat to the health of what was documented as an
outstanding freshwater mussel community including seven species, three of them with protected status
(Biodrawversity 2007, 2008). There were two expressed concerns: possible direct toxicity from
aluminum during the treatment and reduced fertility to support the very abundant mussel community
as a result of lower phosphorus and algae levels. AECOM and the Town of Barnstable countered those
arguments with information about how aluminum treatments have evolved over time to minimize the
probability of any toxicity, and literature regarding the threat of nutrient pollution and excessive algal
abundance (e.g., Strayer et al. 2004), but NHESP felt that the risk to an outstanding mussel community
was too great to allow the treatment.

At the core of the debate over possible impact of aluminum treatment of Mystic Lake was a lack of
certainty regarding the response of mussel populations to increasing lake fertility and unwillingness by
NHESP to let Mystic Lake be an experimental system for exploring that relationship. Impairment for
human uses is not considered when making determinations under the Massachusetts Endangered
Species Act, and there is a tendency for most regulatory agencies to assume that that status quo will
remain in effect if no action is allowed. That assumption proved to be deeply flawed.

In August of 2009 the anoxic zone in Mystic Lake reached an apparent shallowness record of between 4
and 5 m (13 to 16 ft) and algae growing in a band near that level moved into the upper water column,
creating very high chlorophyll levels in the surface waters (Figure 14). There was an extreme die off of
mussels in Mystic Lake during August 2009; later assessment put the kill at close to 90% of the overall
mussel community (Biodrawversity 2010), with greater loss of some species and less of others. There
was little immediate sampling conducted, leaving the cause of the mortality to speculation. Only a few
dead fish were observed, and the normal PALS monitoring on August 24, 2009 did not suggest any issues
with oxygen or pH at that time, while mortality was still occurring. As the anoxic zone extended upward
from the bottom to 4 to 5 m of water depth, and mussels were known to dwell at depths of up to about
8 m, some mortality due to extended lack of oxygen seems likely, yet some deep water mussels
survived, suggesting other reasons for mortality. Millions of mussels died in very shallow water
(Biodrawversity 2010), seemingly too shallow to have been a function of any of the normal mortality
factors.

The leading hypothesis is that for at least the shallow mussel populations, algal toxicity was the cause of
mortality. Chlorophyll-a levels in surface waters were the highest recorded there (Figures 12-14), and
the algae that dominated the August 2009 bloom were Aphanizomenon and Planktothrix, both
filamentous cyanobacteria known to be capable of producing neurotoxins. The mussels died more
suddenly than would be expected with hepatotoxins, which have generally not proven toxic to mussels
anyway. Live mussels collected by Mr. Robert Nichols of the IPA showed signs of severe lethargy, not
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contracting and closing their shells when picked up. When placed in well water in an aquarium, these
mussels recovered, indicating that the problem was in the Mystic Lake water, at a time when oxygen, pH
and other water quality features were acceptable for mussel survival. Additionally, mussel mortality
was observed in Middle Pond, in the path of noticeably green water moving through the connector
channel from Mystic Lake into Middle Pond. But no tests were run for neurotoxins at the time, and the
cause of mortality remains unconfirmed.

After consultation with the NHESP in the fall of 2009, reconsideration of the inactivation project was
initiated. A revised Notice of Intent was filed, outlining the steps to be taken to further define the
treatment, the precautions to be taken to avoid undesirable side effects, and the monitoring to be
conducted before, during and after the treatment. The project was approved at all levels, with 32 special
conditions imposed in the final Order of Conditions. Permit conditions included clauses relating to
notifications and pre-treatment meetings, land based preparations, pre-treatment monitoring and final
dose determination, treatment method, target area, and timing, and monitoring during and after
treatment. Permit conditions also included thresholds for environmental conditions governing when
treatment could not occur (e.g., wind and temperature limits) and when treatment would cease (e.g.,
pH outside of target range, fish or mussel mortality beyond established limits).

A late summer to early fall treatment was specified, to avoid potential issues with spawning alewife and
release of glochidia (larval stages) by reproducing mussels, both of which are spring events. This was the
approach applied at Long Pond in Brewster and Harwich, but has the disadvantage of treating after
much phosphorus has been released into the water column by anoxic sediment during the summer; the
reaction whereby aluminum binds phosphorus is not as efficient at the lower phosphorus levels in the
water column as at the very high levels in the sediment (James 2011), and it can be expected that some
phosphorus will remain in the water column that would have been inactivated by a spring treatment.

The permit specified a dose of 20 to 25 g/m? recommended by NHESP, with an option to increase to the
50 g/m? level recommended by AECOM if further testing showed that it was appropriate. Lab
inactivation assays had indicated that 25 g/m? would be adequate to inactivate nearly all phosphorus in
the composite sample tested in 2007, but the starting phosphorus level in that sample was only about
half of the average concentration from seven samples in the target treatment zone. Sample from non-
target zones containing sandy sediment with much lower phosphorus concentrations was apparently
mixed with muck samples (from what became the target zone) in the lab to create the test composite,
and a higher dose was believed to be needed in the target area of the lake to sufficiently lower available
phosphorus.

Since three years had elapsed since sediment samples were analyzed and there was a question
regarding the appropriate dose, WRS undertook a follow-up sediment assessment in August of 2010.
Samples were collected from nine locations based on the expected target zones (Figure 15), with a
randomly chosen duplicate sample for quality control. Note that MLS-1 was located in a shallower area
where mussels had been abundant prior to the die off in 2009, as NHESP expressed interest in having an
area treated where mussels might be affected. Most selected treatment areas are too deep for
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Figure 15. Sediment testing locations for 2007 and 2010 with 2007 results.
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WRS

significant mussel populations to have been present even before the die off. Additional die off was
observed again in summer 2010, again with a mixed cyanobacterial bloom present, so there were
relatively few mussels present to be affected anywhere in the lake, but mussels could be placed in a plot
in this location prior to treatment. This additional sediment testing was considered necessary to
determine the appropriate level of treatment, and followed the methods of Rydin and Welch (1998,
1999). Total, iron-bound and loosely sorbed phosphorus were measured from surficial sediment
samples collected at the targeted locations, along with percent solids to allow calculation of the mass of
available phosphorus that should be inactivated per unit area. In all New England sediments tested to
date, iron bound phosphorus has represented nearly all of the available sediment phosphorus, and
Mystic Lake was no exception.

The results of testing of the samples collected in August of 2010 by WRS (Table 3) indicated high
available sediment phosphorus in all muck samples collected. There was spatial variability in the results,
with the highest values at the north end of the lake just west of the island and in southern end of the
lake, in the deepest part of it. Lowest values were at the northwestern end of the lake in the shallow
zone chosen for mussel presence/suitability and in the northeastern end, east of the island. Available
sediment phosphorus was almost entirely iron-bound phosphorus and represented a major fraction of
the total phosphorus in each sample. The solids content of all samples was low, ranging from 11.9 to
15.1%, typical of loose, organic muck samples.

Quality control data by the lab indicated an acceptable level of precision. Combining all the duplicate or
replicate analyses available for this project, the variability in iron bound phosphorus ranged from 0.2%
to 28% with an average of 6%. Only one difference was >10%, and was observed for a split sample from
an area with low available sediment phosphorus (slight differences at low levels yield higher percent
differences). Spiked sample recovery was always >90% and blanks were below detection in each case.
The data appear reliable.

The lab assay for inactivation of phosphorus by aluminum involves suspending an approximately 5 g
sample of sediment in a small amount of distilled water, treating with the aluminum compounds to be
used in the lake treatment, allowing the reaction to proceed, and retesting for available sediment
phosphorus. It is not a perfect simulation of field treatments, but has proven useful in setting doses in
the past (e.g., ENSR 2001a, ENSR 2001b), and appears more reliable than simply multiplying the targeted
quantity of available sediment phosphorus by some empirical factor (10-100X, Rydin and Welch 1998,
1999). Treatments simulated doses of 20, 30, 40 and 50 g/m? (Table 4), covering the range of doses
allowable under the permit issued. Results normally exhibit diminishing returns, with the smallest dose
yielding the largest proportional decrease and larger doses yielding successively smaller decreases as
the detection limit is approached; Mystic Lake sediments followed the expected trend.

In planning a treatment, one must decide at what point the extra cost and possible adverse
environmental impacts outweigh the benefits of additional phosphorus inactivation, but there is no
standard rule governing this process. Experience over the last decade has indicated that even high doses
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Table 3. Data from 2010 sediment testing.

Station MLS-1 MLS-2 MLS-3 MLS-4 MLS-5 MLS-6 MLS-7 MLS-8 MLS-9 | MLS-10
% solids 14.6 15.1 14.8 15.1 14.1 12.1 14.4 12.2 12.2 11.9
Total Phosphorus (mg/kg dry

weight) 643 628 1890 787 820 1010 1410 1090 1000 1020
Iron-bound Phosphorus (mg/kg

dry weight) 170 175 1280 300 243 428 1090 518 445 495
Loosely sorbed Phosphorus

(mg/kg dry weight) <34 <3.3 <34 <3.3 <3.6 <4.1 <3.5 <4.1 <4.1 <4.2
Available Sediment Phosphorus

(mg/kg dry weight) after

Treatment with 20 g/m2 20.5 317 346.0 42.4 29.0 66.6 142.0 76.8 70.3 46.8
Available Sediment Phosphorus

(mg/kg dry weight) after

Treatment with 30 g/m2 17.3 17.5 234.0 29.9 28.3 36.1 87.6 44.4 31.0 31.2
Available Sediment Phosphorus

(mg/kg dry weight) after

Treatment with 40 g/m2 <17.2 <16.5 120.0 <16.5 <17.8 <20.6 36.9 <20.5 27.2 25.8
Available Sediment Phosphorus

(mg/kg dry weight) after

Treatment with 50 g/m2 <17.2 <16.5 109.0 <16.5 <17.8 <20.6 52.5 21.6 <20.5 24.0
Preferred Dose Assignment

(g/m2) 30 35 50+ 40 40 40 50+ 45 50 40
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WRS
of aluminum can be administered without significant fish mortality, and that while some lateral drift is
expected, invertebrate mortality outside the target zone is minimal. While the aluminum floc that forms
can negatively impact invertebrates, invertebrate populations in typically anoxic target zones are not
normally a concern; these tend to consist mainly of midge (Chironomidae) larvae and oligochaete
worms. Relatively rapid recolonization, including additional, more desirable species, has been observed

after aluminum treatments (Smeltzer et al. 1999, Cooke et al. 2005). The dose decision is therefore
properly based on effectiveness and cost.

Using the data in Table 3, doses were selected for the target areas (Figure 16) based on apparent need
and the permit limit of 50 g/m?”. The permit limit was based on the original preparatory work and a
desire to minimize adverse environmental impacts, and for two areas (B and E) resulted in a dose less
than what would have been prescribed based on the most recent analysis. Yet as the potential increase
from an initially proposed maximum of 25 g/m? to 50 g/m?” was gained only after considerable debate,
re-opening the permitting process to increase the limit further was not pursued. The testing process
suggested that 50 g/m” would provide a reasonable level of decrease in available sediment phosphorus,
and this is very close to the dose administered to Hamblin Pond in 1995 with excellent results in terms
of algae control and increased water clarity.

The dose calculation is viewed in more detail in Table 4. All available data for any defined target area
were combined to get an average available sediment phosphorus value for each of those areas; this
includes the 2007 AECOM results as well as the WRS data from 2010. There is variability among and
within data sets, but the results are compatible and do not include any outliers for the defined target
areas. Samples from sandy areas collected by AECOM were excluded, as these represent non-target
areas. The range of mean available sediment phosphorus for the six identified treatment areas (Figure
16, Table 4) is 170 to 999 mg/kg. The mass of phosphorus targeted for inactivation is calculated based
on either a 4 cm or 10 cm depth of sediment, the typical range applied. The treatment areas range from
2.3 to 20.3 acres, with a total area of 58.1 acres.

Based on the dose selected according to lab assays and permit limits, the range of ratios of aluminum to
phosphorus for each treatment area is calculated, using either the 4 cm or 10 cm depth. These ratios
range from 11 to 27 for the 4 cm depth and 3 to 11 for the 10 cm depth, all at or below the low end of
the range postulated for successful treatments (Rydin and Welch 1998, 1999, James 2011). With high
available phosphorus levels, treatment is more efficient and the ratio can be lower, but ratios <10:1 are
likely to leave a significant fraction of what is assessed as pre-treatment available sediment phosphorus
unbound to aluminum. For Mystic Lake, the doses for areas B and E, which are limited by permit
conditions, appear low. This does not mean that the treatment will fail, but it does suggest that less
phosphorus will be bound that desired.

The targeted doses yield a range of aluminum being deposited in each area, with a total of 23,025 Ibs
(10,466 kg) of aluminum being applied over the 58.1 acres. Given the properties of the commercially
available aluminum chemicals and the targeted ratio of aluminum sulfate to sodium aluminate(2:1)
intended to yield minimal change in pH, the volumes of aluminum sulfate and sodium aluminate are
calculated at 20,624 and 10,312 gallons, respectively.
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Figure 16. Target areas and doses for the Mystic Lake phosphorus inactivation treatment.
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Table 4. Dose calculations for the Mystic Lake phosphorus inactivation treatment.

WRS

Designated Area A B C D E F
WRS Sampling Stations MLS-1 MLS-3 | MLS-2 [MLS-4,5,6,10| MLS-7 | MLS-8,9| Total
Mean Available Sediment P (mg/kg DW) from AECOM + WRS samples 170 999 248 370 995 573
Mass of P to be Treated (g/m2) assuming 4 cm depth 1.12 6.59 1.64 2.44 6.57 3.78
Mass of P to be Treated (g/m2) assuming 10 cm depth 2.81 16.48 4.09 6.11 16.42 9.45
Target Area (ac) 3.6 4.6 2.3 20.3 15.1 12.2 58.1
Target Area (m2) 14516 18548 9274 81855 60887 49194| 234274
Areal dose (g Al/m2) based on lab assays and maximum dose limit 30 50 35 40 50 50
Ratio of dose to P mass at 4 cm depth 27 8 21 16 8 13
Ratio of dose to P mass at 10 cm depth 11 3 9 7 3 5
Aluminum sulfate (alum) @ 11.1 Ib/gal and 4.4% aluminum (Ib/gal) 0.4884| 0.